A clonal population of BHK-21 cells resistant to infection with the low-neurovirulence BeAn strain of Theiler's murine encephalomyelitis virus (TMEV) was derived after four cycles of infection and characterized. These cells were resistant to both low-and high-neurovirulence TMEV strains due to a block in virus attachment and entry and not in virus replication, since transfection of these cells with TMEV RNA to bypass the entry step(s) induced virus replication and assembly. The resistance to infection was stable for more than a year, suggesting that it is a heritable property arising from a mutation in the susceptible parent BHK-21 population. This cell line is being used to identify a receptor for TMEV.
A clonal population of BHK-21 cells resistant to infection with the low-neurovirulence BeAn strain of Theiler's murine encephalomyelitis virus (TMEV) was derived after four cycles of infection and characterized. These cells were resistant to both low-and high-neurovirulence TMEV strains due to a block in virus attachment and entry and not in virus replication, since transfection of these cells with TMEV RNA to bypass the entry step(s) induced virus replication and assembly. The resistance to infection was stable for more than a year, suggesting that it is a heritable property arising from a mutation in the susceptible parent BHK-21 population. This cell line is being used to identify a receptor for TMEV.
Theiler's murine encephalomyelitis virus (TMEV), a natural pathogen of mice, is a member of the genus Cardiovirus in the family Picornaviridae, which includes a separate serogroup formed by Mengo virus and encephalomyocarditis virus (EMCV) isolates. TMEVs can be divided into two groups based on neurovirulence following intracerebral inoculation of mice. High neurovirulence TMEV, such as GDVII and FA, cause a rapidly fatal encephalitis, while less virulent strains, such as BeAn and DA, are characterized by at least a 10&-fold increase in the mean 50 % lethal dose. The low neurovirulence TMEV cause a persistent infection in the central nervous system of susceptible strains of mice that results in immunemediated as well as cytolytic destruction of oligodendrocytes, and hence, demyelination (Blakemore et al., 1988 ; Clatch et al., 1986 ; Gerety et al., 1994 ; Rodriguez et al., 1983) . This animal Author for correspondence : Howard Lipton (at Evanston Hospital).
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The availability of a cell line lacking a specific virus receptor but otherwise fully susceptible to infection by that virus provides a powerful reagent for the identification of the receptor molecule. In this instance, a clone or clones in a cDNA library expressing the receptor can be detected by its ability to mediate virus entry in the receptor-negative cell line. This is particularly relevant since a TMEV receptor protein has not yet been identified. However, extensive screening of animal and human cell lines has not revealed a TMEV receptornegative cell line, perhaps because the TMEV receptor is cells/ml at a particle-to-cell ratio of 2i10 4 at 4 mC as described (Hertzler et al., 2000) . After a 40 min binding period, cell-associated radioactivity was determined. Results are expressed as percentage of total radioactivity in the cell pellet. Standard deviation bars are shown for triplicate samples. ND, not done. After a 45 min adsorption period at 24 mC (zero time-point), the virus inoculum was removed, and cells were washed and incubated at 33 mC in complete DMEM medium [Dulbecco's modified Eagle's medium supplemented with 2 mM L-glutamine, 100 mg/ml streptomycin, 100 U/ml penicillin, 1 % foetal bovine serum and 6n5 mg/ml tryptose phosphate broth (Gibco BRL)]. Combined cells and supernatants were harvested at the indicated times, frozen and thawed twice, and virus titres determined by plaque assay (Rozhon et al., 1983) is 5 µg total RNA from R26 cells, and E is a no template control. RNA was reverse-transcribed using Multiscribe reverse transcriptase (PE Biosystems) in the presence of with 2n5 µM random hexamers in 10 µl. One µl of each cDNA reaction was PCR-amplified using a reverse primer corresponding to the complement of viral nucleotides 5959-5938 (5h CTAGAAC-CTTCCCGCCTCCTT 3h) and a forward primer equivalent to viral nucleotides 5857-5878 (5h TTGAGCTCTCTGAGGGTGAACA 3h). Cycle number is plotted against normalized fluorescence (Rx) resulting from degradation of a Taqman probe (PE Biosystems). The Taqman probe is complementary to viral nucleotides 5899-5918 (5h CGCGCGCCCAAAAGCAAAGC 3h). The 5h end of the probe is labelled with a reporter (FAM) and the 3h end is labelled with a quencher (TAMRA). Intact probes widely expressed in eukaryotic cells. Therefore, we used an alternative strategy to select a TMEV receptor-negative cell line, based on the observation that a small fraction ( 0n1%) of BHK-21 cells survive infection with BeAn virus at high m.o.i. The possibility that these cells represent genetic variants that are resistant to virus infection is consistent with several reports of receptor-negative cells derived from cells surviving persistent infections (Borzakian et al., 1992 ; Kaplan et al., 1989 ; Kaplan & Racaniello, 1991) . To explore the nature of the resistance of BHK-21 cells to TMEV, clonal populations of resistant cells were derived and further characterized.
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The strategy for isolation of BeAn virus-resistant BHK-21 cell lines was as follows. After four cycles of infection of BHK-21 cells with BeAn virus at an m.o.i. of 10, and allowing several weeks for growth of surviving cells after each cycle, a subpopulation arose that showed no sign of CPE at 10 days post-infection (p.i.) with BeAn virus. In contrast, BHK-21 cell monolayers infected in parallel displayed extensive CPE at 24 h. Multiple passages of the resistant cells for more than 6 months did not result in crisis, i.e. the appearance of CPE due to virus persistence and the emergence of susceptible cells. The morphology of the cells was identical to that of parental BHK-21 cells except that there were more rounded cells (see below). $&S-Labelled BeAn and GDVII viruses showed 10 % binding to the resistant cells at 40 min compared to 40-55 % binding to BHK-21 cells (Fig. 1) . The binding assay revealed 10 % BeAn binding in six TMEV-resistant BHK-21 clones isolated by limiting dilution ; one clone, designated R26, was chosen for further characterization (Fig. 1) . The doubling time of R26 cells was the same as that of BHK-21 cells (data not shown), with the morphology identical to that of uncloned resistant cells.
To determine whether R26 cells supported virus growth without CPE, monolayers of BHK-21 and R26 cells were infected with BeAn and GDVII viruses at an m.o.i. of 100. At 0, 24 and 48 h pi, cells were harvested and the virus titre determined by plaque assay on susceptible BHK-21 cells. GDVII and BeAn virus replication in BHK-21 cells showed the expected growth kinetics, with a 1-3 log increase in virus titres at 24 h, followed by a decline in titres at 48 h (Fig. 2 a) . By contrast, after infection of R26 cells virus titres declined steadily, possibly reflecting a loss of residual input virus seen at the zero time-point due to inactivation of the virus at 33 mC or nonspecific interaction with the cells. To determine whether virus antigen was synthesized in the absence of detectable virus replication, BHK-21 and R26 cells were infected with BeAn virus at an m.o.i. of 100, stained with indirect immunofluorescence for TMEV antigen(s), and analysed by flow cytometry. Virtually all of the BHK-21 cells were strongly produce no fluorescence, whereas amplification of BeAn cDNA results in increased annealing of the Taqman probe to PCR products. Further amplification results in Taq polymerase-induced exonuclease activity as the enzyme displaces the probe from the template that in turn releases the reporter from the probe resulting in fluorescence. The earlier (in cycles) the fluorescence crosses the threshold limit (horizontal black line), the higher the initial amount of viral RNA in the sample.
positive for virus antigen(s), whereas virus antigen was not detected in R26 cells (Fig. 2 b) . To exclude the presence of a subgenomic BeAn replicon in R26 cells that could conceivably downregulate the virus receptor, real time RT-PCR was used to amplify BeAn P3 sequences (for proteins 3A, 3B and 3C) from total RNA extracted from R26 cells. As shown in Fig.  2 , the amplification of BeAn sequences from 5 µg of total RNA from R26 cells was no different than that of uninfected BHK-21 cells or the no template control. This is equivalent to a background level of 100 viral copies in 2n5i10& cells.
The resistance of R26 cells to TMEV infection might reflect either specific resistance to TMEV, e.g. due to the lack of expression of the virus receptor, or to an alteration in glycosylation or protein expression, either of which might inhibit infection by other viruses. To examine the specificity of the virus block, R26 cells were infected with the related cardiovirus Mengo virus and the non-related rhabdovirus vesicular stomatitis virus (VSV). As shown in Fig. 3 , BeAn, GDVII, Mengo virus and VSV produced extensive CPE in BHK-21 cells, whereas R26 cells were resistant to BeAn and GDVII. R26 cells were also resistant to DA virus, another lowneurovirulence TMEV strain, and Vilyuisk virus, a TMEV distantly related to BeAn and GDVII (not shown) (Casals, 1963) . R26 monolayers infected with Mengo virus and VSV developed CPE as rapidly as did BHK-21 cells. Thus, resistance of R26 cells appears to be specific for TMEV, but one cannot exclude an alteration of the glycosylation pattern.
To confirm that resistance of the R26 cells was due to a block in attachment and virus entry, BHK-21 and R26 cells were transfected with GDVII virus RNA. At 6, 20 and 40 h, virus titres in cell lysates were determined by plaque assay on BHK-21 cells. CPE appeared and progressed at the same rate in both cell types (not shown). Virus yields peaked at 20 h in the transfected R26 cells and declined thereafter, but continued to rise in BHK-21 cells at 40 h (Fig. 4) . Since the transfection efficiency of virus RNA is less than 100 %, this difference probably reflects the inability of the virus to initiate secondary rounds of infection in R26 cells. The similar rates of CPE development in R26 and BHK-21 cells also suggest the absence of a block later in the virus replication cycle. Thus, when the attachment and entry steps are bypassed, R26 cells fully support TMEV replication.
The resistance of R26 cells to TMEV infection appears to occur at an entry step, and is probably due to the lack of expression of the receptor or expression of a mutant receptor that does not bind or allow entry of the virus. R26 cells are fully permissive for virus multiplication, i.e. there is no apparent block in virus replication and assembly when the entry step(s) is bypassed by transfection of these cells with virus RNA. The stability of the resistance to infection exhibited by R26 cells for more than 6 months of passages suggests that the resistance is a heritable property arising as a result of a mutation in the genome of cells in the susceptible parent BHK-21 population. Although the protein receptor for TMEV on host cells has not been identified, evidence from competitive inhibition of virus binding suggests that viruses of both TMEV neurovirulence groups bind the same protein receptor (Fotiadis et al., 1991) . The present data support this notion since the resistant R26 cells selected by repeated rounds of infection with BeAn virus were also resistant to infection with GDVII virus. On the other hand, it is well-established that the low-but not the highneurovirulence TMEV strains also bind sialic acid which may facilitate transfer of the virus to the protein receptor (Fotiadis et al., 1991 ; Zhou et al., 1997 Zhou et al., , 2000 . Thus, the highneurovirulence TMEV, such as GDVII, appear to bind the TMEV receptor-negative cell line TMEV receptor-negative cell line Cell monolayers in 35 mm multi-well plates were transfected with 400 ng of purified GDVII virion RNA using Lipofectin (Gibco BRL) (Hertzler et al., 2000) , and cell lysates were harvested at the indicated times. Virus titres were determined by standard plaque assay on BHK-21 cells.
protein receptor directly, whereas the low-neurovirulence TMEV bind first to sialic acid and then to the protein receptor.
Several studies have shown that passage of persistently infected cells leads to the co-evolution of the virus and cells, resulting in stable cell lines with a block in virus binding (Borzakian et al., 1992 ; Kaplan et al., 1989 ; Kaplan & Racaniello, 1991) . Kaplan et al. (1989) , for example derived a stable HeLa cell line lacking functional virus receptors after co-transfection with poliovirus RNA and R1, a poliovirus subgenomic RNA deleted of nearly all of the capsid region. Southern blot analysis of genomic DNA of these cells revealed no gross alterations, Northern blotting revealed no expression of poliovirus receptor (PVR) transcripts, and transcription of PVR-specific RNA was reduced in an in vitro nuclear run-on assay (Kaplan & Racaniello, 1991) . Treatment of these cells with 5-azacytidine restored susceptibility to poliovirus and the appearance of poliovirus receptors on the cell surface, and a role for methylation in regulating the PVR gene was suggested (Kaplan & Racaniello, 1991) . Another study demonstrated a correlation between the maintenance of persistent poliovirus variants in HEp-2 cells and selection of mutant cell populations of various phenotypes (Borzakian et al., 1992) . In one phenotype, the PVR was not detected by cytofluorimetry, although the mechanism involved in the loss of the cell surface receptor was not further investigated. Other studies have used either physical or chemical mutagenesis followed by virus infection to select for resistant cell lines lacking virus receptors. For example, Hara et al. (1989) derived a mutant murine cell line, designated Had-1, which was deficient in Newcastle disease virus receptors. The genetic defect in Had-1 cells was complemented by UDPgalactose transporter (UGT) cDNA ; UGT is necessary for sialylation of the cell surface required for Newcastle disease virus attachment (Ishida et al., 1996 ; Yoshioka et al., 1997) . Jnaoui & Michels (1999) recently derived an L cell line partially resistant to entry by GDVII but not DA virus. This pattern of resistance was verified using TMEV recombinants in which the capsid sequences of GDVII and DA were exchanged. These experiments suggest the existence of a co-receptor specific for GDVII virus.
Our study demonstrates the feasibility of selecting cell variants that do not bind TMEV after several passages at high m.o.i. rather than through co-evolution of virus variants during persistent infection or mutagenesis. To our knowledge this is the first example of the selection of a virus receptor-negative cell line by merely passaging the virus in susceptible cells.
